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Abstract 

Illusory line motion (ILM) refers to a motion illusion in which a flash at one end of a bar prior to the bar's instantaneous 
presentation or removal results in the percept of motion. While some theories attribute the origin of ILM to attention or 
early perceptual mechanisms, others have proposed that ILM results from impletion mechanisms that reinterpret the static 
bar as one in motion. The current functional magnetic resonance imaging study examined participants while they made 
decisions about the direction of motion in which a bar appeared to be removed. Preceding the instantaneous removal of 
the bar with a flash at one end resulted in a motion percept away from the flash. If this flash and the bar's removal 
overlapped in time, it appeared that the bar was removed towards the flash (reverse ILM). Independent of the motion type, 
brain responses indicated activations in areas associated with motion (MT+), endogenous and exogenous attention 
(intraparietal sulcus, frontal eye fields, and ventral frontal cortex), and response selection (ACC). ILM was associated with 
lower percept scores and higher activations in ACC relative to real motion, but no differences in shape-selective areas 
emerged. This pattern of brain activation is consistent with the attentional gradient model or bottom-up accounts of ILM in 
preference to impletion. 
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Introduction 

The ability to detect motion is an evolutionarily old function 
that has been essential for the survival of both prey and predators. 
Indeed our sensitivity to movement is so ingrained that humans 
have a strong bias to perceive motion, even in the absence of any 
physical motion. The sensation of motion typically coincides with 
neural activations in specialised motion-sensitive areas of the visual 
cortex, most prominently the MT+ complex [1]. Imaging studies 
have shown that activation in MT+ is not limited to situations 
involving real motion, but can also be elicited by static images that 
induce the percept of motion, such as the Enigma illusion [2] , the 
Rotating Snake illusion [2,3], moving illusory contours [4,5], or 
other types of apparent motion [6,7,8,9,10,11,12]. 

One motion illusion that has received considerable interest is 
referred to as illusory line motion (ILM). When a luminance flash 
precedes the sudden presentation or disappearance of a bar, the 
bar seems to be drawn in motion away from the location of the 
flash [13,14]. This illusion of motion occurs if the flash and the bar 
are in relatively close spatial proximity of each other 
[15,16,17,18]. Typically the cue and bar are adjacent, though 
some studies include small gaps and ILM continues to be obtained 
[17,19,20]. With large separations (>4.2°) the direction of the 
illusion may reverse [18], although this is not always found [20]. 

Explanations for ILM can broadly be divided into bottom-up 
and/or attentional gradient hypotheses [13,14,21,22,23] and a 



top-down hypothesis based on an inferential process, referred to as 
impletion [19], that is required to resolve an ambiguous signal. 
Attention based explanations generally attribute the resulting 
motion percept to the prior entry of visual signals that is triggered 
by the attention capturing properties of the flash [24]. The prior 
entry benefits are thought to be created by a gradient of attention 
[18,25,26,27,28] that is centred on the flash [29], and therefore 
the prior entry benefits are likewise distributed as a gradient. The 
notion is that because stimuli are detected more quickly when 
attended then the onset or offset of the section of the bar near the 
flash is detected earlier in time than the onsets/offsets at more 
distant sections. Because the prior entry benefits are thought to be 
distributed as a gradient the result is a gradient of perceptual 
onsets or offsets similar to those that occur when an onset bar or 
offset bar is actually in motion. 

In contrast, impletion is based upon the idea that rapid 
inference is required (though this is below the level of conscious 
awareness) because the physical display is itself ambiguous in that 
it could represent either a line in motion or the less probable 
sudden appearance/ disappearance of a visual stimulus. Given that 
objects do not usually suddenly appear or disappear out of the blue 
it is argued that the evolutionary history of the visual system has 
generated a bias against such an interpretation. If the idea of an 
improbable new object is discounted, this leaves open the more 
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viable implicit inference that real motion must be present and this 
motion signal is then supplied by the process of impletion [19]. 

In another explanation of the impletion type ILM is regarded as 
a specific case of "transformational apparent motion" (TAM), a 
term for motion illusions with temporally segregated but spatially 
overlapping stimuli in which subjects perceive a change in shape in 
addition to a change in position [30]. TAM is thought to result 
from high-level mechanisms that detect different shapes or forms 
("parsing") and then match them across time to solve the 
correspondence problem, which eventually cumulates in the 
percept of motion. This hypothesis is supported by behavioural 
studies showing that a suddenly appearing bar flanked by two 
boxes seems to extend out of the box that has a similar luminance 
as the bar [31]. Cowan and Greenspahn [32] investigated 
apparent motion type displays using a paradigm where partici- 
pants indicated when the motion reached a marker, either placed 
at the mid-point of the apparent motion path or at the end of the 
motion path. Their results indicated that response times for the 
mid-location were not faster than the response times to the end 
points, indicating that the motion was back-projected in time after 
the initial perception of the end point. Interestingly, a similar study 
employing ILM suggested that the motion in this illusion was not 
back-projected, at least under some conditions [33]. 

Interactions between form and motion pathways have also been 
postulated by Baloch and Grossberg [34]. In contrast to TAM 
they assume competition between orientation-selective bipole and 
hypercomplex cells located in early visual areas up to MT+ to be 
sufficient to result in a faster processing at one edge of the bar. 
According to their view, ILM should arise without any attentional 
or higher-order mechanisms involved, although both can modify 
the processing. Evidence comes from studies of standard apparent 
motion, in which continuous motion is perceived between two 
temporally and spatially separated stimuli. Muckli and colleagues 
[9] presented a square alternating from the upper to the lower part 
of one hemifield and compared periods of reported motion with 
periods of subjective blinking. MT+ was the only area of the visual 
cortex activated differentially, in accordance with results by Zhou 
and co-workers [12]. For ILM stimuli Jancke and colleagues [35] 
demonstrated that a box followed by a bar induces a spatio- 
temporal activation profile in cat visual cortex similar to that of a 
moving square. The motion percept in ILM stimuli would thus 
result from propagating activations in early visual cortex, closely 
resembling a true motion signal. In a computational model 
proposed by that group, lateral interactions in VI were sufficient 
to explain ILM [36]. ILM as a pre-attentive bottom-up 
phenomenon was further supported by a more comprehensive 
computational model of the lateral geniculate nucleus and the 
primary visual cortex [37]. The perceived motion in ILM stimuli 
was fully explained by the assumption of long-range lateral 
connections between neurons in VI, in the absence of any top- 
down feedback from higher cortical areas. These explanations of 
ILM, unlike impletion, suggest that the motion percept arises 
directly, due to early modification of the visual input such that the 
processed signal becomes equivalent to that generated by a line in 
motion. Thus the steps of specialised parsing/matching mecha- 
nisms terminating in a back-projected motion are eliminated. 

In summary, bottom-up theories of ILM emphasize either the 
importance of lateral connections within early visual cortices [36] 
or suggest that the luminance flash acts as an exogenous cue to 
create an attentional gradient of prior entry benefits. In contrast, 
impletion or object-based accounts assume higher-order mecha- 
nisms either fully underlie ILM or they at least play a major role 
[19,30]. 



While ILM has been investigated through behavioural para- 
digms, so far only one EEG study [38] and one preliminary fMRI 
study by Tanabe and Yanagida [39] have addressed the neural 
mechanisms of ILM. In the fMRI study [39] involving five 
participants, a circle served as a cue and was followed by a bar, 
which resulted in activations in MT+, lingual gyrus, parietal lobe, 
frontal eye fields and supplementary motor area. These findings 
are generally consistent with an attentionally-driven account, but 
are limited insofar as ILM was not compared to any control 
condition. Thus the engaged attentional networks might be a 
correlate of visuo-spatial processing per se. Activations in lingual 
gyrus might also correspond to form and shape selective areas of 
the lateral and ventral visual cortex [40], which would rather 
favour impletion theories. 

To differentiate between these accounts the current fMRI study 
measured the blood oxygen level dependent response (BOLD) 
while observers viewed displays that produce ILM, real motion, 
and a flash-line condition that was not expected to result in any 
sensation of motion. 

Similar to other types of motion illusions ILM should activate 
motion-sensitive area MT+. If ILM arises due to low-level 
processes recreating the input signal of a line actually in motion, 
activations in early visual cortices up to MT+ should be 
indistinguishable from those occurring in the presence of real 
motion. Signals in early visual cortices might also result from 
feedback of higher visual areas though, as suggested by Sterzer and 
colleagues [10] for apparent motion stimuli. 

If ILM is due to a gradient of attention or a bottom-up 
mechanism not requiring specialised parsing/matching mecha- 
nisms, then activations are predicted to be restricted to motion 
(MT+) and both the endogenous and exogenous attention 
networks [41], and no further areas should be engaged during 
the ILM condition. In addition, if the ILM display results in an 
exogenous shift of attention then networks associated with 
orienting of attention should likewise be active, particularly the 
temporal-parietal junction (TPJ; [41,42]), and the ventral 
prefrontal cortex [41]. Since subjects were required to report the 
direction of perceived motion of a stimulus with a very short 
duration, endogenous attention networks are likely to be activated 
independent of the condition. Such networks would correspond to 
frontal eye fields and areas along the intraparietal sulcus (IPS; 
[39,41]). Thus the attention networks might be activated by 
unspecific task demands or the peripheral flash despite not playing 
a causal role in the perception of ILM. 

According to impletion theory, attention itself is not sufficient to 
produce ILM but attention may bias the direction of impletion. 
Hence, if ILM arises as a result of impletion or other higher-order 
mechanisms then additional networks representing the "higher 
level processes that ensure object continuity and coherence" [19] 
should be evident when compared to real motion. One likely 
candidate region for impletion might be the ventral part of the 
lateral occipital complex (LOG), which was associated with 
increased activations during motion-inducing TAM stimuli 
compared to control stimuli [43]. The posterior parietal cortex 
could be another critical node of an impletion network. Based 
upon a single-cell study in monkeys this cortical area has been 
implicated to represent the higher-order filling-in process of 
apparent motion [44]. 

Method 

Participants 

Nineteen participants completed the study (9 males; 10 females; 
mean age = 27.58 years, SD = 6.07, range = 20-43). Participants 
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were recruited amongst university staff and students. They were 
physically, neurologically, and psychiatrically healthy and denied 
consumption of any prescription or over-the-counter medication 
on the day of scanning. All were right-handed as assessed by the 
Edinburgh Handedness Inventory [45] . The study was approved 
by the Joint Institute of Psychiatry and Maudsley Hospital 
Research Ethics Committee and participants provided written 
informed consent before participation. After data collection had 
been completed one subject had to be excluded from the study due 
to scanner artefacts. 

fMRI Data Acquisition 

Participants underwent fMRI at 1.5 Tesla on a SIGNA HDx 
scanner (General Electric, Milwaukee, Wise, USA) equipped with 
an 8-channel headcoil for radiofrequency transmission and 
reception. T2*-weighted echo planar images of the whole head 
depicting the blood oxygen level dependent (BOLD) response 
were acquired yielding 720 volumes aligned parallel to the 
intercommissural plane (AC-PC line), each with 27 slices of 
5 mm thickness and 0.5 mm gap. fMRI parameters were: 
repetition time (TR) = 3000 ms, echo-time (TE) = 40 ms, flip 
angle (FA) = 90°, field of view = 24 cm, NEX = 1. The duration 
of the actual experiment, which was carried out in one run, was 36 
minutes. Following the functional series a high-resolution Tl- 
weighted anatomical axial gradient-spoiled, gradient recalled 
(SPGR) scan with an inversion time (TI) of 300 ms was acquired. 
The sequence was acquired with an isotropic resolution of 
l.lxl.lxl.l mm 3 , FA= 18°, TR = 4.84 ms and TE = 4.84 ms. 

fMRI Procedure and Task Design 

Participants were placed supine in the scanner bore and viewed 
the screen via double mirrors. Stimuli were back-projected onto 
the screen. Participants held a button box in their right hand and 
an emergency button in their left hand and were connected to the 
control room via headphones and microphone. Their heads were 
stabilised in the headcoil using foam padding in order to minimise 
movement. 

The experiment employed an event-related design with three 
conditions, namely "illusory line motion" (ILM), "real motion", 
and a condition that was intended as a "no motion control" but 
which will be referred to as "reverse illusory line motion" (reverse 
ILM) for reasons to be explained later. The trial structure was the 
same for each condition and consisted of three epochs, namely (1) 
the appearance of the horizontal bar and adjacent squares, (2) the 
event of interest (which differed between conditions, see below), 
and (3) the disappearance of the squares signalling the subject to 
respond. Each of these epochs lasted on average 1 2 seconds but 
durations were jittered between 11 and 13 seconds. Splitting up a 
single trial into these three epochs ensured that the event of 
interest, i.e. the percept of real or illusory motion, was not 
confounded by response execution in general and differences in 
reaction times in particular, which might result from easier 
decisions for stimulus material containing physical motion. There 
were 20 trials in each condition (10 left and 10 right flash trials), 
which were presented in the same quasi-random sequence for each 
participant. A diagram depicting the trial sequences is shown in 
figure 1, below. 

In the first component of each trial the stimuli were displayed in 
the centre of the screen. They consisted of a horizontal bar (7.7° in 
width and 1.8° in height) in grey (value 180, on a greyscale from 0 
- black, to 255 - white) presented on a dark grey background (value 
90). On each side of the bar (right and left) was a square of the 
same colour (2.5° x 2.5°). A white fixation cross was presented 
throughout the trial sequence and was located below the centre of 



the bar. These stimuli remained on the screen for the first 
component of each trial with no requirements for participants to 
respond. 

The second component of a trial, the event of interest, involved 
the turning off of the horizontal bar in three conditions, viz. either 
in one step after the flash of a square (ILM), in two steps after the 
flash of a square (real motion), or in one step during the flash of a 
square (reverse ILM). 

In an ILM trial one of the two squares flashed (i.e. changed to 
white, value 255, for three screen refresh rates; 50 ms) and 
immediately following this the bar was turned off by changing its 
colour to equal the background - value 90. The stimulus onset 
asynchrony (SOA) of the square flashing and the bar disappearing 
was 50 ms. As described above, this sequence was expected to 
create the illusion of movement down the bar starting in the 
location of the square that flashed. 

In a reverse ILM trial the bar disappeared during the flash. 
Specifically, the sequence was to increase the luminance of the 
box, value 255, wait a single screen refresh, remove the bar in its 
entirety on the second screen refresh, value 90, and wait a third 
screen before returning the box to its starting luminance, value 
180, creating a 16.7 ms box flash - bar removal SOA. This 
sequence was not expected to cause a perception of motion 
[14,21,22] as the line was removed during the flash rather than at 
its offset. As presentation of the line prior to the cue produces ILM 
towards the cue, rather than away from the cue [27], it was 
predicted that removing the line during the flash should disrupt 
ILM, particularly if ILM arises due to impletion processes as this 
should create confusion between the option of impleting by 
combining the line's removal with the flash onset, which occurs 
before the line removal, or with the flash offset, which occurs after 
the line removal and reverses the direction of ILM [27]. However, 
because participants reported motion towards the flash this 
condition will be referred to as the reverse ILM condition. 

In a real motion trial the square flashed and on the same frame 
as the flash offset (SOA = 50 ms) the bar disappeared in two steps, 
with each half being removed on successive screen refreshes, 
creating stroboscopic motion in the direction away from the 
square [15]. The flash was included to keep the physical stimuli 
comparable to the other two conditions. Despite the flash 
impletion should not occur in this situation because the real 
motion in the display is not an ambiguous signal. 

In all conditions, following the disappearance of the bar the 
squares remained on the screen for the remaining duration of the 
second component of the trial. Participants were to withhold their 
response until the third component of the trial. 

At the beginning of the third component of the trial the squares 
were turned off. This signalled to the participants to press a button 
on a keypad in order to indicate the direction of their perceived 
motion. Keypads were held in the right hand and had two buttons 
representing right and left. Participants were asked to respond on 
each and every trial and were instructed to guess if they were 
unsure. A left response was scored as -1 and a right response was 
scored as +1, providing a mean perceptual score between -1 for all 
trials perceived as left to +1 indicating all trials perceived as 
moving to the right. A score of 0 indicated no consistent direction 
of motion occurred. It should be noted that mean percept scores 
are a simple linear transformation of proportion of responses 
rightward and can be converted to such by simply adding one and 
dividing by two. 

Following the turning off of the squares, no further stimuli were 
presented for the duration of the third epoch, and the next trial 
began immediately with the presentation of stimuli as described 
above. 
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1 st epoch 



2 nd epoch: 
Flash event 




Real motion 



ILM 



Reverse ILM 




3 rd epoch 



Boxes removed to 
signal time to respond 

Blank screen before 
next trial begins 



Figure 1. Diagram depicting a trial sequence for the real motion, ILM, and reverse ILM conditions. 

doi:10.1371/journal.pone.0087595.g001 



fMRI Data Analysis 

Pre-processing and analysis of fMRI data were carried out with 
SPM8 (Wellcome Department of Imaging Neuroscience, London, 
UK) running under Matlab 7.5 (Mathworks, Natick, MA, USA). 
The origin of the acquired images was set to the anterior 
commissure according to definitions of the Talairach space. 
Serving as dummy-data-acquisition to allow for saturation of the 
magnetic field the first four functional volumes were excluded. 
Functional images were then slice-time corrected with the 
temporally middle slice serving as reference and realigned to the 
mean image of the time series. After coregistration the structural 
image was segmented and normalised into MNI standard space 
using unified segmentation [46]. The normalisation parameters 
were reapplied to the functional images, which were subsequendy 
resampled to 2 x2 x2 mm voxel size and smoothed with an 8 mm 
full-width at half-maximum (FWHM) Gaussian kernel. 

Data were analysed within the framework of the general linear 
model. At the single-subject level the implemented haemodynamic 
response function was convolved with stick functions (event- 
related) representing the onsets of the experimental conditions. 
Slow signal drifts and temporal correlations between the residual 
errors were removed employing a high-pass filter of 1 / 1 28 Hz and 
an auto-regressive AR(1) model. 



The analysis of interest focussed on the second trial component. 
Trials with responses in the correct (for real motion) or expected 
direction (for the two illusion conditions) were modelled separately 
for the three conditions. While there were a total of 868 trials with 
responses in the correct or expected directions, nine of these were 
excluded from the fMRI analysis as the response was made during 
the second trial component and so would introduce artefacts due 
to motor activity. Trials with incorrect responses (real) or 
unexpected direction responses (ILM and reverse ILM) were 
collapsed across conditions and modelled by a fourth regressor. 
Two additional regressors accounted for changes of the visual 
input at the beginning of the first and third components, 
respectively. Realignment parameters were included to control 
for interpolation errors during the realignment procedure. 

Single-subject level contrast images were generated for each of 
the three conditions and also for pair-wise comparisons. Resulting 
individual contrast images were entered into random effects 
analyses to investigate the underlying activation patterns at the 
group-level using one-sample t-tests. 

The threshold of significance at the voxel level was set at 
p corr <0.05 (FWE) for first order contrasts and at an initial 
Aincorr<0.001 for second order contrasts. Clusters were considered 
as significandy activated when surpassing a minimum size of 
k = 20 voxels and a threshold of /> <:orr <0.05 (FWE) at the cluster 
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level. For clusters differing significantly between conditions the 
corresponding percentage signal change values were extracted 
with MarsBaR 0.42 [47]. 

Anatomical regions were identified using the Anatomical 
Automatic Labeling (AAL) toolbox [48] . For visualisation purposes 
the resulting activations were mapped onto the population-average 
landmark- and surface-based (PALS) standard brain [49] with 
Caret 5.6 [50]; http://brainvis.wustl.edu/wiki/index.php/Caret: 
About. Additional images were generated using MRIcron (http:// 
www.mccauslandcenter.sc.edu/mricro/mricron/index.html). 

Results 

Behavioural Results 

Percept scores were analysed in a two-way, within-subjects 
ANOVA with flash location (left/right) and condition (real, ILM, 
reverse ILM) as factors. This resulted in a main effect of flash 
location (F (1 17 j = 40.06, jfr<0.05) with left flashes producing more 
positive scores than right flashes (0.302 vs. —0.313 for left and 
right flash locations, respectively). There was no effect of condition 
(F(2,34) = 0.06, p>0.05). The flash location by condition interaction 
was significant (^2,34) = 127.36, /><0.001) and is depicted in 
Figure 2. As can be seen, the intended "no motion control" 
condition resulted in motion towards the flash, rather than no 
motion, which is why we refer to this condition as "reverse ILM". 
The interaction between flash and condition remained significant 
when the reverse ILM condition was dropped from the analysis 
(F{1,17) = 20.60, j6<0.05), indicating motion perception was more 
consistent in the real motion condition. 

Considering motion away from the flash as the expected 
direction in the ILM and real motion conditions, and motion 
towards the flash as the expected direction in the reverse ILM 
condition, there were an average of 18.3, 15.4, and 14.5 trials 
responded to as in the expected direction for the real, ILM, and 
reverse ILM conditions, respectively. Wilcoxon signed ranks test 
was used to compare the ILM and reverse ILM conditions, and 
the number of trials responded to as being in the expected 
direction did not differ between conditions (p>0.5). These were 
averaged and compared to the number of trials in the real motion 
condition, and it was found there were more trials in the expected 
direction for the real motion condition (/><0.001). 

Decision times were analysed in a similar manner. There were 
no significant main effects or interactions as a result of this analysis 
(all p>0.2, grand mean response time 843 ms). 

fMRI Results 

During the second trial component (flashing of the box and 
disappearance of the bar), each of the three conditions was 
associated with significantly increased activations (Tables 1-3 and 
Figure 3). The engaged network included widespread occipito- 
parietal activations along the intraparietal sulcus extending into 
the precuneus and superior/middle occipital gyrus as well as 
activations in anterior insular cortex, middle frontal/precentral 
gyrus, supplementary motor area and anterior cingulate cortex 
(ACC). Bilateral activations in the middle temporal gyrus are in 
accordance with previously reported coordinates of MT+ complex 
(see discussion). 

The differential contrast ILM> real motion yielded one 
statistically significant cluster located in the ACC and the medial 
part of the superior frontal gyrus (see Figure 4A and Table 4). For 
descriptive purpose we extracted percentage signal change values 
averaged across this cluster, showing that the activation level 
during reverse ILM was lying in between, but more closely to ILM 
(see Figure 4C). 
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Figure 2. Behavioural data as a function of flash location and 
experimental condition. Panel A) shows Percept scores and B) 
Decision Times. Error bars indicate +/- 1 SEM. ILM: illusory line motion. 
doi:10.1371/journal.pone.0087595.g002 

ILM> reverse ILM yielded two significant clusters at the 
intersection of the calcarine and the parieto-occipital sulci of the 
right and the left hemisphere (see Figure 4B and Table 4). ILM 
was associated with slightly positive percentage signal change in 
contrast to reverse ILM with slight deactivations (see Figure 4C). 
However, the values did not differ significantly from zero in any of 
the three conditions, meaning there was no evidence of a 
significant modulation by the stimuli. 

The other differential contrasts did not show any significant 
clusters. Additionally, there was no significant correlation between 
the activation in the ACC cluster and the difference in the number 
of correct responses during ILM and real motion trials when 
modelling ILM activity greater than real motion. 

Discussion 

Behavioural results 

The behavioural results of our study indicated that participants 
had no difficulty in detecting the real motion in the direction away 
from the flashed box. When the bar was removed in its entirety on 
the same frame as the flash offset the participants also generally 
indicated that the bar was removed in the direction away from the 
flash; this finding confirms the illusory line motion (ILM) effect. 
The responses were more consistently in the direction away from 
the flash in the real motion condition than in the ILM condition, 
as indicated by the interaction in the percept scores between the 
flash location and condition when only the real and ILM 
conditions were compared. This is consistent with findings 
previously reported [51] including a study involving a similar 
display [15], and suggests that the motion in the real motion 
condition is more salient 1 compared to the motion generated by 
ILM alone. Note, we do not equate salience with speed in this 
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Table 1. Clusters of Activation in the Real Motion Condition (voxel threshold p corr =.05 FWE). 





MNI Coordinates 


Brain Region 


Side 


Label 


X 


y 


z 


k 


T 


Inf. parietal, sup. parietal, middle occipita 


L 


IPS (incl. MT+) 


-38 


-52 


50 


1 818 


15.40 


Precentral, sup. frontal, middle frontal 


L 


FEF 


-50 


2 


36 


714 


13.87 


Middle temporal, inf. parietal, middle occi 
sup. occipital 


pital, R 


(incl. MT+) 


18 


-72 


46 


2 644 


13.60 


SMA 


L/R 


SMA 


-4 


8 


54 


624 


12.20 


Precentral, frontal operculum 


R 




42 


4 


32 


228 


11.24 


Insula 


L 


AIC 


-32 


22 


6 


298 


10.84 


MCC 


L/R 




-6 


-30 


28 


94 


9.39 


Middle frontal, precentral 


R 


FEF 


38 


4 


50 


97 


9.24 


Insula 


R 


AIC 


34 


22 


6 


78 


8.70 


MCC, ACC 


R/L 


ACC 


10 


24 


26 


48 


8.38 


Fusiform gyrus 


R 




30 


-72 


-10 


21 


8.11 



ACC: anterior cingulate cortex, FEF: frontal eye field, inf.: inferior, IPS: intraparietal sulcus, L: left, MCC: middle cingulate cortex, R: right, SMA: supplementary motor area, 
sup.: superior. 

doi:1 0.1 371 /joumal.pone.0087595.t001 



case. It seems likely that the relationship between the perceptual 
salience of motion and the speed of motion would best be 
described as an inverted U, with saliency dropping off for both 
very fast and very slow moving stimuli. While the current study 
only employed conditions where real motion and ILM could 
combine, in Crawford et al. [15] real motion in the absence of a 
flash was less salient than real motion with a flash, suggesting the 
ILM signal combined with the real motion signal to yield a net 
increase in perceived motion. It should be noted that as impletion 
is described as a process that serves the purpose of disambiguating 
ambiguous input, then the presence of real motion in the display 
should not require impletion. In other words, once there is an 
unambiguous motion signal there should be no evidence of 
impletion creating an additional ILM signal that combines with 
the real motion signal, especially in a manner that serves to 
increase the ambiguity by cancelling the perception of the real 



motion when the ILM would be in opposition [15]. An alternative 
line of reasoning that may partially fit with impletion is that while 
attention may not produce the illusory motion, attention may 
serve to enhance detection of the real motion, and so the improved 
performance is not due to the combination of signals from ILM 
and real motion. However, this explanation does not account for 
why the motion is less salient when ILM and real motion would be 
in opposite directions [15]. While beyond the scope of the current 
study, an in depth exploration of these combinations of real 
motion and ILM working in concert and opposition suggest a 
promising and interesting line of research. Finally, during the 
current experiment, if the bar was removed after the onset of the 
flash but before the offset of the flash, participants reported the bar 
as being in motion but towards the flash. This perception was of 
similar magnitude as the motion away from the bar in the ILM 
condition (as shown in Figure 2). 



Table 2. Clusters of Activation in the Illusory Line Motion Condition (voxel threshold p corr = .05 FWE). 



MNI Coordinates 



Brain Region 


Side 


Label 


X 


y 


z 


k 


T 


Precentral 


L 




-52 


2 


36 


352 


15.77 


SMA, MCC 


R/L 


SMA (incl. FEF L) 


8 


20 


36 


1 875 


14.59 


Middle occipital, inf. parietal, precuneus 


R 


(incl. MT+) 


22 


-66 


46 


2 897 


14.36 


Inf. parietal, sup. parietal, middle occipital 


L 


IPS 


-34 


-58 


48 


2 419 


14.17 


MCC 


R/L 




4 


-18 


26 


383 


13.15 


Insula 


L 


AIC 


-34 


20 


2 


747 


13.11 


Hippocampus, lingual gyrus, precuneus 


R 




20 


-38 


-2 


36 


10.53 


Precentral, middle frontal, frontal operculum 


R 


FEF 


40 


2 


30 


498 


10.43 


Insula 


R 


AIC 


36 


14 


-4 


326 


10.19 


Middle temporal, middle occipital, inf. occipital 


L 


MT+ 


-50 


-64 


4 


244 


8.88 


Pars triangularis, middle frontal 


R 


DLPFC 


44 


32 


26 


50 


8.66 


Thalamus 


R 




12 


-8 


8 


31 


7.48 



For abbreviations see Table 1. 

doi:1 0.1 371 /joumal.pone.0087595.t002 
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Table 3. Clusters of Activation in the Reverse Illusory Line Motion Condition (voxel threshold p corr = .05 FWE). 





MNI Coordinates 


Brain Recjion 


Side 


Label 




y 




k 


7- 


Insula 


L 


AIC 


-38 


14 


0 


708 


15.60 


Inf. parietal, angular gyrus, sup. occipital 


R 


IPS 


38 


-42 


40 


729 


12.69 


Inf. parietal, sup. parietal 


L 


IPS 


-34 


-52 


46 


1 146 


12.39 


SMA, MCC 


R/L 


SMA 


4 


16 


50 


1 022 


11.71 


Precentral 


L 




-44 


0 


30 


277 


10.84 


Middle frontal, sup. frontal, precentral 


L 


FEF 


-26 


-4 


52 


112 


10.05 


Middle occipital 


R 




30 


-72 


22 


130 


9.20 


Middle frontal, precentral 


R 


FEF 


34 


2 


56 


55 


8.58 


Insula 


R 


AIC 


32 


26 


0 


87 


8.51 


Middle temporal 


L 


MT+ 


-50 


-64 


4 


21 


8.26 


Middle temporal 


R 


MT+ 


50 


-54 


6 


111 


8.24 


Frontal operculum, precentral 


R 




42 


8 


30 


21 


8.10 



For abbreviations see Table 1. 

doi:1 0.1 371 /journal.pone.0087595.t003 



According to the attentional gradient theory for ILM the 
motion is perceived because the capture of attention by the flash 
results in faster detection of the line offsets near the flashed 
location. This runs counter to the suggestion that stimulus offsets 
are delayed by attention due to attention producing a temporal 
extension of the stimulus [27], meaning the section of the line near 
the flash should be perceived for a longer duration than the 
sections further away. However, some support for a temporal 
extension effect may be found in the reverse ILM condition, where 



the line is removed in the midst of the flash, or after the onset but 
before the offset of the flash. With the participants indicating that 
the line was removed as if disappearing under the flashed location, 
we assume that this condition has produced ILM in the opposite 
direction to that normally obtained and so we refer to this as 
reverse ILM. If attention underlies both the ILM and reverse ILM 
illusions, then there must be a short lived period of temporal 
extensions rapidly followed by prior entry benefits for detecting the 
line offset. These temporal extensions may correspond to the 



FEF 




Figure 3. Activations for each of the three motion conditions superimposed onto the population-average landmark- and surface- 
based (PALS) standard brain (voxel threshold p corr <0.05 FWE, k>20). ACC: anterior cingulate cortex, AIC: anterior insular cortex, DLPFC: 
dorsolateral prefrontal cortex, FEF: frontal eye field, ILM: illusory line motion, IPS: intraparietal sulcus, PCC: posterior cingulate cortex, SMA: 
supplementary motor area. 
doi:1 0.1 371 /journal.pone.0087595.g003 



PLOS ONE | www.plosone.org 



7 



January 2014 | Volume 9 | Issue 1 | e87595 



fMRI of ILM 





C 04 




Cl 

-0.2 -I 

ACC Calcarine L Calcarine R 



□ Real motion nlLM a Reverse ILM 

Figure 4. Differential brain activations (initial voxel threshold 
Aincorr<0.001, cluster threshold p corr <0.05 FWE) overlaid on 
the study-specific average of the normalised anatomical scans 
for the contrast "Illusory line motion > Real motion" (A), the 
contrast "Illusory line motion > Reverse illusory line motion" 
(B) and associated percentage signal change values (C). Error 
bars indicate +/— 1 SEM. ACC: anterior cingulate cortex, ILM: illusory 
line motion, L: left, R: right. 
doi:1 0.1 371 /journal.pone.0087595.g004 

inhibitory process produced by peripheral cues that is normally 
masked by attentional cuing [52] in that the detection of the offsets 
near the flash may be briefly inhibited by the short cue lead time 
(16.7 ms) which turn into benefits by 50 ms in the ILM condition 
due to attentional facilitation. However, if remains unclear 
whether this inhibitory process, which Danziger and Kingstone 
[52] suggest is inhibition of return (IOR), produces delayed 
perception of visual stimuli or simply inhibition of responses to 
stimuli in that location [53], and so this interpretation must be 
considered as speculative. Note that standard impletion accounts 
cannot explain the perceived motion towards the flash for reverse 
ILM. Instead, one would expect motion towards the un-flashed 
box due to equivalent luminance [30,31]. 



Table 4. Differences in Activation between the Three Motion 
Conditions (initial voxel threshold p uncorr <0.001, cluster 
threshold p corr <0.05 FWE). 







MNI 

Coordinates 


Brain Region Side 


x y z 


k 


T 


Illusory line motion > Real motion 


Superior frontal medial, L/R 
ACC 


4 32 36 


371 


5,37 


Illusory line motion > Reverse illusory 


line motion 






Calcarine sulcus, lingual R 
gyrus, precuneus 


8 -56 16 


273 


5.13 


Calcarine sulcus, L 
precuneus 


-10 -62 14 


158 


4.96 





For abbreviations see Table 1 . 



doi:1 0.1 371 /journal.pone.0087595.t004 

Neural correlates 

Early visual areas. The comparison of ILM with reverse 
ILM revealed significant clusters in the anterior part of the 
calcarine sulcus, corresponding to the far peripheral parts of the 
visual field [54,55], which is beyond the range of standard fMRI 
set-ups [56]. Recendy developed wide-field stimulations covering a 
field of view of up to 120° along the horizontal axis [57,58] suggest 
that early visual areas VI and V2 extend towards the parieto- 
occipital sulcus, as previously proposed by cytoarchitectonic 
studies [59,60,61]. With the current set-up, the stimuli were 
presented within the central 15° of the visual field, making in quite 
unlikely that the detected differences in activation were related to 
direct physical stimulation. Imperfect registration or inter-subject 
variability might have resulted in more anterior eccentricity 
representations of the stimuli in some of the subjects, but even if 
such inaccuracies occurred they cannot account for why condi- 
tions should differ. It has to be stressed that the peripheral 
stimulation (stationary box on the one side and flashing box on the 
other side) was equal in all three conditions. 

As the two illusion conditions did not differ from real motion in 
these areas the outcome is difficult to interpret. Following the 
observation, ILM and reverse ILM seem to result in slightly 
different modulations of the periphery. Interestingly, Muckli and 
colleagues [8] observed coactivations more peripheral to the 
cortical representations of their stimuli for both apparent motion 
and real motion. They assume that top-down feedback results in 
filled-in activations not only along the motion path, but also 
peripheral to the stimuli due to large receptive fields of neurons in 
higher visual cortices. Even so, differences between conditions in 
the periphery might also have emerged from bottom-up spreading 
activations. 

MT+ complex. The real motion condition resulted in robust 
bilateral activations near the lateral intersection of the occipital 
and temporal lobe, in contrast to the first event even at a more 
liberal threshold (data not presented). Similarly located motion 
sensitive areas of the lateral occipital cortex, summarized as MT+ 
complex, have previously been identified by PET and fMRI 
studies using flicker stimuli, moving dot patterns, or retinotopic 
mapping procedures [1,62,63,64]. 

Both ILM and reverse ILM also were associated with 
activations in the MT+ complex, with descriptively smaller clusters 
in the reverse ILM condition compared to ILM and real motion. 
This might point to a less consistent motion signal arising from the 
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reverse ILM condition since the BOLD signal in MT, a subregion 
of MT+, increases with a more consistent motion signal [65]. 
Furthermore, a direct relationship between the strength of 
perceived motion and the activation level in MT has been 
demonstrated in the case of motion aftereffects [66,67]. However, 
when contrasting the three conditions no differences emerged, 
indicating that the apparent reduction in cluster size for the 
reverse ILM condition is not considered reliable. It is acknowl- 
edged that the lack of a no motion condition, with corresponding 
lack of activation in the MT+ area, makes it impossible to assert 
with total confidence that the activity observed in the region of 
MT+ is reflective of motion perception and not, for example, 
reflective of some higher-order impletion process. However, the 
most parsimonious explanation is that the activity represents 
motion perception that is thought to have occurred in all three of 
the present conditions based on the behavioural data. 

Other higher visual areas. The relevance of occipital 
regions more ventral to MT+ have previously been emphasised 
in the context of TAM perception and could therefore reflect an 
impletion network. Contrasting TAM displays with control stimuli 
that did not evoke any percept of motion Tse [43] observed 
increased activations in ventral aspects of the LOC including the 
posterior fusiform gyrus. These findings might correspond to 
activations of the lingual gyrus reported in Tanabe and Yanagida 
[39] 's investigation of ILM. However, in the present data no 
activations were evident in the ventral aspects of the visual cortex 
during any of the motion events, nor were object-selective cortices 
modulated differendy by real motion compared to illusory motion. 
Therefore, if the activation in LOC reflects impletion during TAM 
perception then the current data shows no evidence for the 
involvement of impletion during ILM. This difference between 
TAM and ILM on the neural level would be consistent with the 
different patterns found in similar behavioural paradigms (com- 
pared to [32,33]). 

Different outcomes might partly be attributed to specific settings 
of previous studies. In contrast to Tanabe and Yanagida [39] and 
Tse [43], the present design employed three different epochs 
allowing the direct targeting of the motion event. Although the 
percept of motion is vivid, it lasts for a short period only. Tse [43] 
might have introduced a bias by collapsing periods of motion 
alternating with periods of no-motion within a "motion" block. It 
remains unclear whether differences in LOC between these TAM 
sequences and control sequences represent activations due to 
parsing/ matching mechanisms or due to rapidly changing 
sensations (from the possible mixing of alternate motion and no- 
motion periods) during TAM compared to the more uniform 
control sequence that would be more prone to adaption over time. 
Besides, the activation profile was heightened already at the level 
of VI and successive early visual areas, as confirmed by additional 
ROI analyses conducted in a subset of subjects, possibly reflecting 
a top-down modulation. As TAM compared to the no-motion 
control condition also revealed differences in insular cortex, which 
has been linked to attention (for reviews see [68,69,70]), it cannot 
be excluded that commonly increased activations in visual areas 
during TAM were due to (unspecific) attentional modulation 
rather than due to specific scene processing mechanisms. 

In conclusion, the results do not provide any evidence for an 
involvement of higher-level impletion type processes for scene or 
object perception during ILM, but are compatible with attentional 
type or related theories assuming a perceptually driven "spreading 
activation" in early visual areas. 

Attention networks. The overall pattern of the BOLD 
signal during the three conditions of interest revealed several 
regions linked to endogenous and exogenous attention [41,68]. 



Pronounced activations were located in the IPS, frontal eye fields, 
and ventral frontal cortex, although no activations were found in 
the temporo-parietal junction. The involvement of both atten- 
tional networks in response to ILM has previously been suggested 
based upon ERP results [38]. It should be noted that the two 
systems are not considered as distinct as originally presented [68] . 

In the current study, additional activations were evident in the 
anterior insular cortex, which has been proposed to coordinate 
sensory networks and to play an integral role for saliency detection 
and task control together with the anterior cingulate cortex [69]. 
Activations were also present in the precuneus, which is connected 
to both the inferior and superior parietal lobules, anterior 
cingulate, and frontal areas including the frontal eye fields, and 
appears activated in various attention related tasks (see [71] for a 
review). 

None of the reported areas differed between real motion and the 
illusion conditions. Following attentional accounts, attention 
should be captured by the flash, eventually leading to the 
impression of motion during ILM. As the flash was an integral 
part of the stimulus material in all three conditions, exogenous 
attention networks would be activated to the same extent. 

Cingulate and frontal cortices. There were, however, 
differences between ILM and the real motion condition in areas 
other than the two attentional networks and the motion area 
MT+. Such areas require further consideration as possible 
evidence for an impletion process. First, the ILM condition 
showed increased activity in ACC relative to the real motion 
condition. The ACC has been reported to reflect competition 
between stimuli [72] and decision conflicts [73,74]. Decision 
conflicts may result from the ILM condition generating a less 
consistent or less salient motion signal relative to the real motion 
condition, which would place the signal closer to a response 
decision boundary and that results in an increase in decision 
conflict [75]. In other words because the real motion condition 
combined ILM with physical motion this would result in a more 
salient motion signal, placing it further from the response decision 
boundary, which would in turn reduce the response conflict and 
therefore lead to lower ACC activity. This coincides with the 
behavioural data, as the percept scores were indeed lower for the 
ILM condition when compared with real motion. With ILM being 
weaker in those diagnosed with schizophrenia [15], who also show 
thinner ACC grey matter [76], this finding warrants further 
investigation. It is relevant to note, however, that Pardo et al. [73] 
have implicated the ACC as part of the attention network, which 
would mean this activation may not be outside of the attention 
network after all. 

Although not significantly different from either, the ACC 
activity in the reverse ILM condition was closer to that of the ILM 
condition than to that of the real motion condition, a trend which 
would be compatible with the idea that this activity reflects a 
conflict arising due to the reduced saliency of the overall motion 
signal relative to that of the real motion condition [75]. Still, the 
trend for lower activations during reverse ILM relative to ILM 
would imply a less severe decision conflict. It may be that the ILM 
condition contains an additional conflict in response selection 
between responding to the direction of the motion signal and a 
tendency to respond towards the location of the flash [16]. Because 
the reverse ILM condition would place both signals, the flash 
location and the motion of the line, in a compatible relationship 
this might reduce the decision conflict somewhat. However, as the 
comparison between ILM and reverse ILM was not significant this 
suggestion is presented for future considerations should this 
general pattern replicate and prove to be a reliable finding. For 
the present study, these suggestions simply serve as examples that 
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interpretations for this activation other than impletion are readily 
available from the literature and so this activity cannot be taken as 
evidence for impletion. 

Second, the ILM condition was associated with activity in the 
dorsolateral prefrontal cortex (DLPFC) that did not arise in the 
real motion or reverse ILM condition. However, in direct 
comparison there was no support for differences between 
conditions, indicating that interpreting the DLPFC as an impletion 
area is unwarranted. Activity in the DLPFC may simply reflect the 
maintaining of an attentional set to respond to the direction of the 
motion, or some other such task demand, since the execution of 
the response was to be delayed until well after the presentation of 
the stimuli [41]. 

Conclusions 

In summary, areas of activation implicate both the endogenous 
and exogenous attentional networks to be engaged during displays 
that produce ILM. Similar areas appeared when the display 
contained real line motion. All three conditions showed activity in 
MT+, and while the absence of a no motion control condition 
weakens the strength of this conclusion, it is consistent with the 
suggestion that the behavioural patterns do reflect decisions based 
upon motion perception. Illusory and real motion displays differed 
only in areas associated with response selection (ACC), which 
probably corresponds to the lower consistency in responding in the 
ILM condition. An intermediate activation profile in the ACC for 
the reverse ILM condition suggests that response conflict may 



have been lower relative to ILM, which would be consistent with a 
reduced conflict from the location of the flash. Finally, there was 
no indication of activations other than those associated with 
attention, motion, and response selection, which is in agreement 
with the attentional gradient model for ILM or bottom-up 
accounts that assume ILM to arise due to low-level attention or 
perceptual mechanisms in early stages of the visual system. The 
lack of activations in shape- or object-selective areas like the LOC 
runs counter to impletion theories for ILM, which propose that an 
ambiguous signal has to be processed within specialised networks 
and only then results in the percept of motion. The findings 
suggest that our bias to perceive motion may, in part, be a result of 
attentional processes, which could also feedback to influence 
earlier visual processing regions. 

Acknowledgments 

We would like to thank Jeff Dalton and the staff at the Department for 
Neuroimaging Sciences for excellent technical support. We wish to thank 
the Academic Editor Prof. Francesco Di Russo, and two anonymous 
reviewers for their constructive comments during the review process. 

Author Contributions 

Conceived and designed the experiments: JPH TJC MK UE. Performed 
the experiments: TJC MK SCRW UE. Analyzed the data: JPH HN UE. 
Wrote the paper: JPH TJC HN MK SCRW UE. 



References 

1. Tootell RBH, Reppas JB, Kwong KK, Malach R, Bora RT, ct al. (1995) 
Functional-Analysis of Human MT and Related Visual Cortical Areas Using 
Magnetic-Resonance-Imaging. Journal of Neuroscicnce 15: 3215-3230. 

2. Zcki S, Watson JDG, Frackowiak RSJ (1993) Going Beyond the Information 
Given - the Relation of Illusory Visual-Motion to Brain Activity. Proceeding's of 
the Royal Society B-Biological Sciences 252: 215-222. 

3. Kuriki I, Ashida H, Murakami I, Kitaoka A (2008) Functional brain imaging of 
the Rotating Snakes illusion by fMRI. Journal of Vision 8. 

4. Gocbcl R, Khorram-Sefat D, Muckli L, Hacker H, Singer W (1998) The 
constructive nature of vision: direct evidence from functional magnetic 
resonance imaging studies of apparent motion and motion imagery. European 
Journal of Neuroscicnce 10: 1563-1573. 

5. Scghicr M, Dojat M, Delon-Martin C, Rubin C, Warnking J, ct al. (2000) 
Moving illusory contours activate primary visual cortex: an fMRI study. 
Cerebral Cortex 10: 663-670. 

6. Larsen A, Madsen KH, Lund TE, Bundesen C (2006) Images of illusory motion 
in primary visual cortex. Journal of Cognitive Neuroscicnce 18: 1 174-1 180. 

7. Liu TS, Slotnick SD, Yantis S (2004) Human MT+ mediates perceptual filling-in 
during apparent motion. Ncuroimagc 21: 1772—1780. 

8. Muckli L, Kohlcr A, Kriegeskorte N, Singer W (2005) Primary visual cortex 
activity along the apparent-motion trace reflects illusory perception. PLoS 
Biology 3: 1501-1510. 

9. Muckli L, Kriegeskorte N, Lanfermann H, Zanella FE, Singer W, ct al. (2002) 
Apparent motion: Event-related functional magnetic resonance imaging of 
perceptual switches and states. Journal of Neuroscicnce 22. 

10. Sterzer P, Haynes JD, Rees G (2006) Primary visual cortex activation on the 
path of apparent motion is mediated by feedback from hMT+/V5. Ncuroimagc 
32: 1308-1316. 

11. Wibral M, Bledovvski C, Kohlcr A, Singer W, Muckli L (2009) The timing of 
feedback to early visual cortex in the perception of long-range apparent motion. 
Cerebral Cortex 19: 1567-1582. 

12. Zhuo Y, Zhou TG, Rao HY, Wang JJ, Meng M, et al. (2003) Contributions of 
the visual ventral pathway to long-range apparent motion. Science 299: 417- 
420. 

13. Hikosaka O, Miyauchi S, Shimojo S (1991) Focal visual attention produces 
motion sensation in lines. Investigative Opthalmology & Visual Science 32: 716. 

14. Hikosaka O, Miyauchi S, Shimojo S (1993) Focal visual attention produces 
illusory temporal order and motion sensation. Vision Research 33: 1219-1240. 

15. Crawford TJ, Hamm JP, Kcan M, Schmcchtig A, Kumari V, ct al. (2010) The 
perception of real and illusory motion in schizophrenia. Neuropsychologia 48: 
3121-3127. 

16. Crawford TJ, Kcan M, Klein RM, HammJP (2006) The effects of illusory line 
motion on incongruent saccades: Implications for saccadic eye movements and 
visual attention. Experimental Brain Research 173: 498-506. 



17. HammJP, Klein RM (2002) Does attention follow the motion in the "shooting 
line" illusion? Perception & Psychophysics 64: 279-291. 

18. Stcinman BA, Steinman SB, Lehmkuhlc S (1995) Visual attention mechanisms 
show a centre-surround organization. Vision Research 35: 1859-1869. 

19. Downing PE, Trcisman AM (1997) The line-motion illusion: Attention or 
impletion? Journal of Experimental Psychology: Human Perception & 
Performance 23: 768-779. 

20. Hubbard TL, Ruppel SE (2011) Effects of temporal and spatial separation on 
velocity and strength of illusory line motion. Attention Perception & 
Psychophysics 73: 1133-1146. 

21. Hikosaka O, Miyauchi S, Shimojo S (1993) Voluntary and stimulus-induced 
attention detected as motion sensation. Perception 22: 517-526. 

22. Hikosaka O, Miyauchi S, Shimojo S (1993) Visual-attention revealed by an 
illusion of motion. Neuroscicnce Research 18: 11-18. 

23. von Grunau M, Dubc S, Kwas M (1996) Two contributions to motion induction: 
A preattentive effect and facilitation due to attentional capture. Vision Research 
36: 2447-2457. 

24. Shore DI, Spence C, Klein RM (2001) Visual prior entry. Psychological Science 
12: 205-212. 

25. LaBcrgc D (1983) The spatial extent of attention to letters and words. Journal of 
Experimental Psychology: Human Perception & Performance 9: 371-379. 

26. Labergc D, Brown V (1986) Variations in size of the visual-field in which targets 
are presented - an attentional range effect. Perception & Psychophysics 40: 188— 
200. 

27. Schmidt WC, Klein RM (1997) A spatial gradient of acceleration and temporal 
extension underlies three illusions of motion. Perception 26: 857-874. 

28. von Grunau M, Racette L, Kwas M (1996) Measuring the attentional speed-up 
in the motion induction effect. Vision Research 36: 2433-2446. 

29. Posner MI (1980) Orienting of attention. Quarterly Journal of Experimental 
Psychology 32: 3-25. 

30. Tsc P, Cavanagh P, Nakayama K (1998) The Role of Parsing in High-Level 
Motion Processing. In: Watanabc T, editor. High-Level Motion Processing: 
Computational, Neurobiological, and Psychophysical Perspectives. Cambridge, 
MA: MIT Press. 

31. FaubertJ, von Grunau M (1995) The Influence of 2 Spatially Distinct Primers 
and Attribute Priming on Motion Induction. Vision Research 35: 3119-3130. 

32. Cowan N, Greenspahn E (1995) Timed Reactions to an Object in Apparent 
Motion - Evidence on Cartesian and Non-Cartesian Perceptual Hypotheses. 
Perception & Psychophysics 57: 546-554. 

33. Christie J, Barresi J (2002) Using illusory line motion to differentiate 
misrepresentation (Stalinesque) and misremcmbcring (Orwellian) accounts of 
consciousness. Consciousness and Cognition 11: 347—365. 

34. Baloch AA, Grossberg S (1997) A neural model of high-level motion processing: 
Line motion and formotion dynamics. Vision Research 37: 3037-3059. 



PLOS ONE | www.plosone.org 



10 



January 2014 | Volume 9 | Issue 1 | e87595 



fMRI of ILM 



35. Janckc D, Chavane F, Naarman S, Girinvald A (2004) Imaging cortical 
correlates of illusion in early visual cortex. Nature 428: 423—426. 

36. Markounikau V, Igel C, Grinvald AJancke D (2010) A Dynamic Neural Field 
Model of Mesoscopic Cortical Activity Captured with Voltage-Sensitive Dye 
Imaging. PLoS Computational Biology 6. 

37. Rangan AV, Cai D, McLaughlin DW (2005) Modeling the spatiotcmporal 
cortical activity associated with the line-motion illusion in primary visual cortex. 
Proceedings of the National Academy of Sciences of the United States of 
America 102: 18793-18800. 

38. Kawamoto M, Yoshino A, Suzuki A, Ichinowatari N (1997) Human brain 
potentials observed using the line-motion method: The neurophysiology al 
correlates of visual illusory motion perception. Ncuroscicnce Letters 231: 49-52- 

39. Tanabc HC, Yanagida T (2002) Neural activity correlated with intra- or cross- 
modal cued illusory line motion: an fMRI study. Journal of International Society 
of Life Information Science 20: 627-630. 

40. Grill-Spector K (2003) The neural basis of object perception. Current Opinion 
in Neurobiology 13: 159-166. 

41. Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-driven 
attention in the brain. Nature Reviews Ncuroscicnce 3: 201—215. 

42- Indovina I, Macaluso E (2004) Occipital-parietal interactions during shifts of 
exogenous visuospatial attention: trial-dependent changes of effective connec- 
tivity. Magnetic Resonance Imaging 22: 1477—1486. 

43. Tse PU (2006) Neural correlates of transformational apparent motion. 
Neuroimage 31: 766—773. 

44. Merchant H, Battaglia-Mayer A, Georgopoulos AP (2005) Decoding of path- 
guided apparent motion from neural ensembles in posterior parietal cortex. 
Experimental Brain Research 161: 532—540. 

45. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh 
inventory. Ncuropsychologia 9: 97-113. 

46. AshburncrJ, Friston KJ (2005) Unified segmentation. Neuroimage 26: 839-851. 

47. Brett M, Anton J-L, Valabreguc R, Poline J-B (2002) Region of interest analysis 
using an SPM toolbox. 8th International Conference in Functional Mapping of 
the Human Brain, Available on CD-ROM in Neuroimage, 16(2). Sendai, Japan. 

48. Tzourio-Mazoycr N, Landeau B, Papathanassiou D, Crivcllo F, Etard O, ct al. 
(2002) Automated anatomical labeling of activations in SPM using a 
macroscopic anatomical parcellation of the MNI MRI single-subject brain. 
Neuroimage 15: 273-289. 

49. Van Essen DC (2005) A Population- Average, Landmark- and Surface-based 
(PALS) atlas of human cerebral cortex. Neuroimage 28: 635-662. 

50. Van Essen DC, Drury HA, Dickson J, Harwell J, Hanlon D, et al. (2001) An 
integrated software suite for surface-based analyses of cerebral cortex. Journal of 
the American Medical Informatics Association 8: 443—459. 

51. Christie J, Klein RM (2005) Docs attention cause illusory line motion? 
Perception & Psychophysics 67: 1032—1043. 

52- Danzigcr S, Kingstone A (1999) Unmasking the inhibition of return 
phenomenon. Perception & Psychophysics 61: 1024-1037. 

53. Taylor TL, Klein RM (2000) Visual and motor effects in inhibition of return. 
Journal of Experimental Psychology-Human Perception and Performance 26: 

1639-1656. 

54. DcYoc EA, Bandcttim P, Neitz J, Miller D, Winans P (1994) Functional 
Magnetic-Resonance-Imaging (fMRI) of the Human Brain. Journal of 
Neuroscience Methods 54: 171-187. 

55. Sereno MI, Dale AM, Reppas JB, Kwong KK, Bellivcau JW, et al. (1995) 
Borders of multiple visual areas in humans revealed by functional magnetic 
resonance imaging. Science 268: 889-893. 

56. Wohlschlager AM, Spccht K, Lie C, Mohlberg H, Wohlschlager A, ct al. (2005) 
Linking rctinotopic fMRI mapping and anatomical probability maps of human 
occipital areas VI and V2. Neuroimage 26: 73-82. 



57. Pitzalis S, Galletti C, Huang RS, Patria F, Committcri G, ct al. (2006) Wide-field 
retinotopy defines human cortical visual area V6. Journal of Ncuroscicnce 26: 
7962-7973. 

58. Yan TY, Jin FZ, He JP, Wu JL (2011) Development of a Wide-View Visual 
Presentation System for Visual Rctinotopic Mapping During Functional MRI. 
Journal of Magnetic Resonance Imaging 33: 441—447. 

59. Amunts K, Malikovic A, Mohlberg H, Schormann T, Zilles K (2000) 
Brodmann's areas 17 and 18 brought into stereotaxic space - Where and how 
variable? Neuroimage 1 1 : 66-84. 

60. Hinds OP, Rajendran N, Polimcni JR, AugustinackJC, Wiggins G, et al. (2008) 
Accurate prediction of VI location from cortical folds in a surface coordinate 
system. Neuroimage 39: 1585-1599. 

61. Wilms M, Eickhoff SB, Homkc L, Rottschy C, Kujovic M, et al. (2010) 
Comparison of functional and cytoarchitcctonic maps of human visual areas VI, 
V2, V3d, V3v, and V4(v). Neuroimage 49: 1171-1179. 

62. Huk AC, Dougherty RF, Heeger DJ (2002) Retinotopy and functional 
subdivision of human areas MT and MST. Journal of Ncuroscicnce 22: 
7195-7205. 

63. Kolster H, Peeters R, Orban GA (2010) The Rctinotopic Organization of the 
Human Middle Temporal Area MT/V5 and Its Cortical Neighbors. Journal of 
Ncuroscicnce 30: 9801-9820. 

64. Zeki S, Watson JDG, Lueck CJ, Friston KJ, Kennard C, et al. (1991) A Direct 
Demonstration of Functional Specialization in Human Visual-Cortex. Journal of 
Neuroscience 11: 641-649. 

65. Rees G, Friston K, Koch C (2000) A direct quantitative relationship between the 
functional properties of human and macaque V5. Nature Neuroscience 3: 716- 
723. 

66. He S, Cohen ER, Hu XP (1998) Close correlation between activity in brain area 
MT/V5 and the perception of a visual motion aftereffect. Current Biology 8: 
1215-1218. 

67. Tootell RBH, Reppas JB, Dale AM, Look RB, Sereno MI, et al. (1995) Visual- 
Motion Aftereffect in Human Cortical Area Mt Revealed by Functional 
Magnetic-Rcsonancc-Imaging. Nature 375: 139—141. 

68. Corbetta M, Patel G, Shulman GL (2008) The reorienting system of the human 
brain: From environment to theory of mind. Neuron 58: 306—324. 

69. Menon V, Uddin LQ_ (2010) Salicncy, switching, attention and control: a 
network model of insula function. Brain Structure & Function 214: 655-667. 

70. Nelson SM, Dosenbach NUF, Cohen AL, Wheeler ME, Schlaggar BL, et al. 
(2010) Role of the anterior insula in task-level control and focal attention. Brain 
Structure & Function 214: 669-680. 

71. Cavanna AE, Trimble MR (2006) The precuneus: a review of its functional 
anatomy and behavioural correlates. Brain 129: 564—583. 

72. Fruhholz S, Godde B, Finke M, Herrmann M (2011) Spatio-temporal brain 
dynamics in a combined stimulus- stimulus and stimulus-response conflict task. 
Neuroimage 54: 622-634. 

73. Pardo JV, Pardo PJ, Janer KW, Raichle ME (1990) The Anterior Cingulatc 
Cortex Mediates Processing Selection in the Stroop Attcntional Conflict 
Paradigm. Proceedings of the National Academy of Sciences of the United 
States of America 87: 256-259. 

74. Braver TS, Barch DM, Gray JR, Molfcse DL, Snyder A (2001) Anterior 
Cingulatc Cortex and Response Conflict: Effects of Frequency, Inhibition and 
Errors. Cerebral Cortex 11: 825-836. 

75. Cartwright D (1941) Relation of decision time to the categories of response. 
American Journal of Psychology 54: 174-196. 

76. Glahn DC, Laird AR, Ellison-Wright I, Thclen SM, Robinson JL, et al. (2008) 
Mcta-Analysis of Gray Matter Anomalies in Schizophrenia: Application of 
Anatomic Likelihood Estimation and Network Analysis. Biological Psychiatry 
64: 774-781. 



PLOS ONE | www.plosone.org 



11 



January 2014 | Volume 9 | Issue 1 | e87595 



